Abstract: Human cadaveric skin allografts are used in the treatment of burns and can be preserved in glycerol at high concentrations. Previously, glycerol has been attributed some antimicrobial effect. In an experimental set-up, we aimed at investigating this effect of prolonged incubation of bacteria in 85% glycerol. Staphylococcus epidermidis, Staphylococcus aureus, Pseudomonas aeruginosa, and Bacillus subtilis were incubated in 85% glycerol. The influence of duration of incubation and temperature on ultrastructure and viability were investigated. Unstressed cultures served as controls. Survival was studied after 24-36 h and 10 days incubation in 85% glycerol at 48C and 368C with transmission electron microscopy~TEM! and flow cytometry using viability stains indicating membrane damage~SYTO9, propidium iodide! or esterase activity~carboxyfluores-cein diacetate!. TEM clearly demonstrated variability in morphological changes of bacteria suggesting different mechanisms of damage. Viability stains supported these findings with faster declining viable cell populations in 85% glycerol at 368C compared with 48C. Both methods demonstrated that Gram-negative species were more susceptible than Gram-positive species. In conclusion, 85% glycerol may have some additional antimicrobial effect. Temperature is an important factor herein and Gram-negatives are most susceptible. The latter finding probably reflects the difference in cell wall composition between Gram-positive and Gram-negative bacteria.
INTRODUCTION
The importance of skin allografts in the treatment of burns and ulcers is well recognized. The two most common methods for long-term preservation of skin allografts for clinical use are cryopreservation and preservation in high concentrations of glycerol. Glycerol has the advantages of preservation of the skin structure, reduction of tissue antigenicity, and antimicrobial~Van Baare et al., 1998! and antiviral~Van Baare et al., 1994; Marshall et al., 1995! properties. Although some articles have been published concerning a potential antimicrobial effect of 85% glycerol, some controversies persist concerning this effect~Kearney, 1998; Lomas et al., 2004 ! and even more so on the mechanisms involved.
Based on the physical properties of glycerol and principles of microbiology, we hypothesized that glycerol would physically disrupt the cellular integrity. Thus, we expected differences between Gram-positive and Gram-negative bacteria. Because Gram-positives would be the more resistant strains, we included several Gram-positive strains as a positive internal control. Moreover, we set up a study consisting of two parts, each part addressing the same hypothesis, but by using different tools-transmission electron microscopỹ TEM! and flow cytometry-aimed at respectively confirming the data while, additionally, highlighting other aspects. Furthermore, we investigated the effect of glycerolization on different species in function of time and incubation temperature.
MATERIALS AND METHODS

Transmission Electron Microscopy
Preparation of Bacteria
Fresh Tryptic Soy Agar~TSA! cultures were prepared from four species: Staphylococcus epidermidis~clinical isolate!, Staphylococcus aureus ATCC 25923, Bacillus subtilis ATCC 6633, and Pseudomonas aeruginosa ATCC 27583. Of each strain, five to eight well-isolated colonies were suspended in each of five glass tubes: four containing 2 ml of 85% glycerol~VWR International, Leuven, Belgium! and one containing 2 ml of sterile sodium chloride~NaCl! 0.85%. For each strain, two 85% glycerol glass tubes were incubated at 368C and two at 48C. At each temperature, one sample was incubated for 36 h and one for 10 days. One unstressed pure culture suspension of each strain in sterile NaCl 0.85% served as a control. This suspension was prepared from an overnight grown TSA culture incubated at 368C. These control bacteria were not subjected to all experimental variables~48C/368C and 36 h/10 days!, because a previously performed agar culture study showed that bacteria suspended in sterile NaCl 0.85% had a persisting survival timẽ .75 days! at both temperatures~data not shown!.
TEM Sample Preparation
Samples were centrifuged at 8,000 ϫ g~Hettich Rotanta! for 20 min at 248C. The bacterial pellets were fixed with 2.5% of glutaraldehyde~GTA! 0.1 mol/l phosphate buffered solution~pH 7.2! and kept at 48C up to processing. The unstressed culture suspension was fixed immediately after centrifugation at 248C. Because the preparation time of the TEM samples was much shorter than their incubation time, the effect of the slow cooling/warming of the control and test suspensions to 248C during the preparation was assumed negligible. The previously mentioned agar culture study confirmed this, because all species survived in 85% glycerol at 48C and at 368C for at least 1 day. For each strain the four test tubes were fixed after the respective incubation time. After 1 h postfixation in 1% osmium tetroxide, 0.1 mol/l phosphate buffer at 48C, the samples were dehydrated in graded series of alcohol and embedded in epoxy resin after a necessary transition step in propylene oxide. Ultrathin sections were cut and stained with uranyl acetate and lead citrate. The samples were analyzed and photographed with a Zeiss EM 10 electron microscope at magnifications of 6250, 25,000 and 50,000 times. In search for~in!direct evidence of membrane damage, that is, increased/altered permeability and~secondary! changes of the cytoplasm, cytoplasmic density, vacuolization, cell diameter, and cell membrane damage were assessed on photographs by two independent observers in a blinded way. Similarly, nucleic acid pattern and cell proliferation were assessed at different time points of glycerol incubation for more important/ nuclear damage. The findings were compared with the control. Cell diameter was measured directly on the photographs. The cell proliferation, recognized as dividing cells, was counted and expressed on the total number of cells~%! Fig. 1 !. The other morphological changes were semiquantitatively categorized in a two-or three-tier system: absent and present, for example, membrane damage~Fig. 2! or absent, mild, and severe, for example, changes in cytoplasmic density~Fig. 3!. Finally, these morphological changes were expressed as the equation of the cells demonstrating the highest level of changes divided by the total number of cells~percent!.
Fluorescence Microscopy and Flow Cytometry
Flow cytometry allows enumeration and physical and biochemical characterization of cells from a nonhomogenous population~Lopez- Amoros et al., 1995; Davey & Kell, 1996 !. Data were acquired with a Beckman Coulter Epics XL-MCL flow cytometer equipped with an air-cooled 15-mW argon ion laser, emitting at a fixed wavelength of 488 nm. Fluorescent filters and detectors collected green~525 6 25 nm!, orange~575 6 25 nm! and red fluorescence~.620 nm!. The detection limits of the flow cytometer were between 10 3 and 10 6 colony-forming units~CFU!/ml. Data acquisition and analysis were controlled using Expo TM 32 ADC version 1.1c software and a hardware interface.
Preparation of Bacterial Suspensions and Total Count
For each of the four mentioned test strains, 0.5 ml bacterial Tryptic Soy Broth suspension was transferred to two glass tubes containing 2 ml 85% glycerol. One of these suspensions was incubated at 368C, the other at 48C, both during 10 days. Because Gram-negatives such as P. aeruginosa appeared to be more susceptible to glycerol than Grampositives in previous conventional culture studies and according to Van Baare et al.~1998!, four additional samples were prepared with four additional samples of the Grampositive S. epidermidis. Half of these samples were also analyzed at 10 days, whereas the remainder were analyzed at 24 h. The initial bacterial concentration in the tubes was determined by means of spiral plating~Spiral Biotech, autoplate 4000! on solid agar. After 60 min centrifugation at 13,000 ϫ g, the pellets of the bacterial glycerol suspensions were washed with 500 ml phosphate buffered saline~PBS! for cFDA samples, and with 500 ml NaCl 0.85% for SYTO9-PI samples. If no pellet was visible, 200 ml PBS or NaCl 0.85% was added to the lower 300 ml part of the glycerol suspension.
Bacterial Staining for Fluorescence Microscopy and Flow Cytometry
For staining P. aeruginosa and S. epidermidis cells with cFDA, 50 ml of the washed bacterial suspension were resuspended in 450 ml PBS and 0.2 ml GTA 0.1 M, and stained with 5.0 ml cFDA~1 mM! and 5.0 ml PI~final concentration 10 mM!. This mixture was shaken during 15 min in the dark to avoid fluorescence fading~Fuller et al., 2000!.
The SYTO9-PI staining was performed by mixing 450 ml NaCl 0.85% with 50 ml of the washed bacterial suspension, 0.75 ml SYTO9, dissolved in dimethyl sulfoxidẽ 3.34 mM! and 0.75 ml PI~20 mM!~University Wageningen, Plant Research International!.
If no pellet was visible, 300 ml of the washed bacterial suspension was resuspended in 200 ml PBS or NaCl 0.85% for the two respective staining methods.
Control Samples
One unstressed pure culture broth suspension was centrifuged~10,000 ϫ g, 3 min!, resuspended~1000 ml PBS or NaCl 0.85%! and heat-killed~908C! by boiling in water during 20 min~for each strain and staining method!. Unstressed culture cells, acting as positive controls, and heatkilled cells, acting as negative controls, were stained with SYTO9-PI and cFDA-PI.
Results obtained by flow cytometry were compared with direct plate counts on TSA out of the bacterial glycerol suspensions under all the experimental variables.
For visual reference, 5 ml of all stained suspensions were examined with a fluorescence microscope equipped with a double filter for red and green fluorescence at a magnification of 1000 times. The stained cells were visualized by excitation with blue light~495 nm!, using a 100ϫ objective and a 10ϫ ocular magnification.
Statistical Analysis (Statistica 6.1-Statsoft Inc.)
For the TEM samples, statistics were not performed because the sample size was too small. Fluorescence microscopically counted proportions of dead cells in different samples were compared by means of the Chi square test of independence.
Wilcoxon's rank sum tests were performed to compare the "injured/dead" cell proportions of all species considered together under the different glycerol conditions with the unstressed samples and with the other glycerol conditions. All tests were performed two-sided and p , .01 was considered statistically significant.!
RESULTS
Transmission Electron Microscopy
Cellular Density (Fig. 4) Incubation in 85% glycerol increased the number of clear cells for all microorganisms both at 368C and at 48C, except for B. subtilis, where the number of clear cells increased at 368C and decreased at 48C compared with the control sample.
The rate of clear cells was .1.00% higher at 368C than at 48C for S. epidermidis, S. aureus, and B. subtilis both after 36 h and 10 days. For S. epidermidis and S. aureus, the rate of clear cells more or less doubled from 36 h to 10 days, both at 48C and at 368C. For P. aeruginosa this rate doubled at 368C. At 48C though, the rate of clear P. aeruginosa cells stayed relatively constant over both incubation periods.
Vacuolization and Cellular Diameter (Figs. 5-7)
Neither the rate of vacuolated cells, nor changes in cellular diameter of the glycerol and the unstressed samples re- Membrane Damage (Fig. 5) The ratio of membrane damage appeared to be higher for P. aeruginosa in glycerol at 48C and 368C, both after 36 h and 10 days~.3.50% cells with membrane damage in the total number of cells! when compared with the unstressed sample~0.47%! and with the other species~range 0.00-1.15%!.
Nucleic Acid Pattern
The unstressed P. aeruginosa sample showed a dispersed but confined nucleoid. In glycerol, the nucleoid was dispersed but less confined. At both temperatures, this was more obvious after 10 days than after 36 h~Figs. 8 and 9!.
Cell Proliferation
The cell division rate remained relatively constant~mean 13.09%!. Compared to the other bacteria, P. aeruginosa had a low proliferation rate, even the unstressed sample~3.76%!.
Fluorescence Microscopy and Flow Cytometry
Fluorescence Microscopy
The rate of dead~red! versus living~green! cells of the different samples on fluorescence microscopy~SYTO9-PI stain! is given in Figure 10 . After 24 h incubation in glycerol, a higher proportion of dead P. aeruginosa cells was found at 368C compared with 48C~x 2 , p , .01!. This difference could not be confirmed for S. epidermidis~x 2 , p ϭ .32!. For S. aureus, there were more dead cells at 368C than at 48C~x 2 , p , .01! after 10 days in glycerol. This was also the case for B. subtilis, but the difference was not statistically significant.
Flow Cytometric Analysis (Figs. 11-13)
Using SYTO9-PI, flow cytometry after 10 days of incubation in glycerol revealed at both temperatures a shift toward more "injured"~SYTO9 and PI positive! and dead~PI positive! cells for all species individually compared with the unstressed sample and for all species taken together~p ϭ .01! compared with the total of all unstressed samples.
Influence of temperature was shown for all species; there were "injured/dead" cell proportions~SYTO9-PI stain! over 85% at 368C and a lower rate at 48C. The total bacterial count was 1 log-unit lower after 10 days storage at 368C compared with 48C. S. aureus seemed to be the most resistant species at 48C, having the lowest rate of dead cells after 10 days incubation in glycerol.
The dot plots of P. aeruginosa and S. epidermidis using the two double-staining methods could be divided into two categories:~1! 10-day incubated samples at 368C without a cell pellet and without visual reference by fluorescence Bacterial Damage by Glycerol 23 microscopy and~2! 1-day incubated samples at 368C and 48C and 10-day incubated samples at 48C, with visible cell pellets as confirmed by fluorescence microscopy.
The first category consisted of samples with mostly "injured/dead" bacteria~.85%; Fig. 11 ! and a substantial cell population in the unstained area~SYTO9-PI stain!, most likely representing lyzed cells or debris~Figs. 12c, 13c!. In the second category, P. aeruginosa showed a more than 20% higher "injured/dead" cell proportion after 24 h at 368C in glycerol compared with 48C, indicating a faster dying of cells at 368C~Figs. 11, 12b,d!. After 10 days, the proportion of "injured/dead" pseudomonal cells reached its maximum with a small difference~6.33%, SYTO9-PI! between 368C and 48C. For S. epidermidis, influence of temperature could not be observed before 10 days in glycerol, when the proportion of "injured/dead" staphylococcal cells at 368C~97%! was higher than at 48C~21%! with cFDA-PI. With SYTO9-PI, the "injured/dead" cell proportion was maximal~Fig. 11!, although we saw a larger population on dot plot still residing in the "injured" phase at 48C whereas at 368C, most bacteria were in the dead phase~Fig. 13c,e!. . TEM pictures at a magnification of 25,000 times showing the nucleic acid pattern of unstressed P. aeruginosa cells ATCC 27853~top! and cells incubated in 85% glycerol at 48C during 36 h center! and 10 days~bottom!. In glycerol, the dispersed nucleoid became less confined~arrows!, which is more obvious after 10 days than after 36 h. Figure 9 . TEM pictures at a magnification of 50,000 times showing the nucleic acid pattern of unstressed P. aeruginosa ATCC 27853 cells~top! and cells incubated in glycerol at 368C during 36 h~center! and 10 days~bottom!. In glycerol, the dispersed nucleoid became less confined~arrows!, which is more obvious after 10 days than after 36 h. 
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Plate Count Comparison
The flow cytometry samples, plated out on TSA after 24 h in glycerol at 48C, showed growth of P. aeruginosa and S. epidermidis~.10 5 CFU/ml!. After incubation in glycerol during 24 h at 368C, S. epidermidis showed high counts on TSA culture~.10 5 CFU/ml!, whereas culturability of P. aeruginosa was strongly diminished~10 2 CFU/ml!. All four species incubated for 10 days in glycerol were culturable at 48C~.10 5 CFU/ml! but not at 368C. Overall, solid agar cultures corresponded to flow cytometric results.
DISCUSSION
Glycerol used at higher concentrations has been attributed an antimicrobial effect for the preservation of human donor skin. Several mechanisms must be involved. For example, living cells are affected by changes in the total solute concentration of their environment. Glycerol permeates the membrane of bacteria and does not initiate the same osmoregulatory response as nonpermeant solutes like NaCl. Therefore, it has a different inhibitory water activity~a w !~Lin, 1976; Ballesteros et al., 1993; Potts, 1994; Wood, 1999; Pflug et al., 2000! . Water availability, expressed as a w , is the ratio of the vapor pressure of the air in equilibrium with a solution to the vapor pressure of pure water. Most microorganisms are unable to cope with environments of very low a w and either die or become dehydrated and dormant under such conditions~Madigan et al., 1991!. Eighty-five percent glycerol increases the osmotic pressure to 27 MPa and depresses a w~M ille et al., 2002!. The mechanism involved in cell death from hyperosmotic treatments is still unresolved, but many authors have demonstrated that the cell membrane is a primary target of injury~Ballesteros et al., 1993; Beney et al., 2001 !. Spores are known to resist environments with low a w~L omas et al., 2004!; they were, however, not specifically evaluated in this study.
A number of techniques are available for studying the mechanisms of action of biocides on microorganisms~Mc- Donnell & Russell, 1999; Lambert & Maillard, 2004 !. We compared the electron micrographic density of unstressed cells with cells incubated in 85% glycerol. At 368C~36 h and 10 days!, a reduced cytoplasmic density was shown for all four species. P. aeruginosa excluded, this rate of clear cells Flow cytometry was used to determine bacterial viability by means of enzyme activity~cFDA! and membrane integrity~PI! after incubation in 85% glycerol. These direct viable staining methods can detect cells that are active or whose stress response includes maintenance of metabolic activity, despite resistance to efforts to culture them, the so-called "viable but nonculturable" cells~Porter et al., 1997; Fuller et al., 2000 !. Bacterial cells may exist in dormant, moribund, or latent forms, in which they will not form colonies on agar but will give a "viable" direct count. Dormant cells, like mycobacteria, can be of importance in the etiology of particular disease states~Davey & Kell, 1996!. As a consequence, the possibility of transmitting infectious diseases from human donor skin to recipients cannot be excluded.
To measure the effect of glycerol on bacteria with the flow cytometer, we transferred portions of the bacterial 85% glycerol suspension~27 MPa! directly to a normal osmotic environment~PBS or NaCl 0.85%!. This transfer will have induced a supplemental osmotic shock. However because the results from the TEM~centrifugation with immediate fixation! and the direct plate count supported the data derived from flow cytometry, it was presumed that this transfer was not a major confounding factor.
The strains tested, although not culturable after 10 days in 85% glycerol at 368C, still had a proportion of direct Bacterial Damage by Glycerol 27 viable cells~SYTO9 and/or cFDA positive!. CFDA positivity could possibly be attributed to a residual esterase activity in damaged and dying cells, which are, however, unable to multiply and form colonies~van der Wolf & van Beckhoven, 2004!. Because there were more than 85% of "injured/dead" bacteria~cFDA-PI and SYTO9-PI stain! after 10 days incubation in glycerol at 368C, which was more than at 48C, long-term storage of glycerolized skin at 368C will enhance the antibacterial action of glycerol. The mechanisms and processes underlying these changes are probably complex and may include a number of factors such as a relative dormancy of the species at 48C.
A rather large population of bacteria resided in the transition phase~gate A, cFDA/SYTO9 and PI positive! between life and death. For this finding, there are three potential explanations. First, we presume these cells are damaged/injured. These bacterial cells, when stored longer in glycerol at 368C, are assumed to die, as proven by the vanishing of the pellet, the lower bacterial count at 368C, and the appearance of cellular debris on flow cytometrỹ SYTO9-PI!~van der Wolf & van Beckhoven, 2004!. Second, because the green-fluorescent SYTO9 is freely permeable through the membrane and because the red nucleic acid stain PI penetrates damaged membranes, the combination of these two dyes can lead to the displacement of SYTO9 or the quenching of its fluorescence by PI. The result is a yellow-orange "transition phase" consisting of the dead cell population~Hoefel et al. 
CONCLUSIONS
In summary, the antimicrobial efficacy of 85% glycerol at 48C and 368C was tested on Gram-negative and Grampositive cells. The variability in ultrastructural changes suggests different mechanisms or different stages in the same mechanism of damage in different species. Based on our data, this probably reflects the difference in cell wall structure between Gram-positive~thick peptidoglycan layer! and Gram-negative~thin peptidoglycan layer! bacteria. This was supported by flow cytometric analysis with two viability assays based on metabolic activity~cFDA-PI! and membrane damage~SYTO9-PI!. After prolonged incubation in 85% glycerol, a faster nonculturability~plate counts! and a higher proportion of dead cells~viability stains! can be induced at 368C when compared with 48C. Thus, preservation of glycerolized skin allograft at higher temperature would further reduce the number of potential microorganisms present on it. In conclusion, preservation in 85% glycerol may be used as an additional precaution to prevent cross infection.
